All relevant data are within the paper and its Supporting Information files. Any additional information on the database can be requested at any time from the authors of this study.

Introduction {#sec005}
============

Depressive episodes can be a presentation of either Major Depressive Disorder (MDD--Unipolar Depression) or Bipolar Disorder (BPD) \[[@pone.0237565.ref001]\]. BPD differs from MDD in the occurrence of (hypo)manic episodes. Although some symptomatic differences may exist between unipolar and bipolar depression, it is still difficult to decide upon the appropriate clinical diagnosis \[[@pone.0237565.ref002]\]. Mitchell et al. (2008) recommends a probabilistic approach to differentiate clinically unipolar from bipolar depressive episodes. This is why it is difficult to determine if "typical, non-psychotic" depression is of unipolar or bipolar nature in the absence of history of (hypo)mania. Therefore, a more reliable clinical measure differentiating between unipolar and bipolar depression is needed to have a more accurate diagnosis and hence a better treatment plan and prognosis.

Several sensory variables have been identified as potential markers of unipolar depression. Deficits in visual perception (retinal contrast gain, spatial suppression, visual attention) \[[@pone.0237565.ref003]--[@pone.0237565.ref005]\] and alterations in auditory measures (auditory evoked potentials, auditory processing) \[[@pone.0237565.ref006]--[@pone.0237565.ref009]\] have been found to be potential markers of depression. Taste perception can also be altered in MDD \[[@pone.0237565.ref010]\]. Taste sensitivity to bitter compounds has been proposed as a potential marker for depression and anhedonia \[[@pone.0237565.ref011]\]. As for olfaction, studies showed that odor sensitivity and hedonicity can be altered in depression \[[@pone.0237565.ref012]--[@pone.0237565.ref013]\]. However, most studies on sensory markers did not differentiate between unipolar and bipolar depressive episodes.

Concerning MDD, several studies demonstrated a reduced olfactory sensitivity in depressed patients \[[@pone.0237565.ref014]--[@pone.0237565.ref018]\]. However, this impairment in olfactory acuity recovered with the symptomatic remission of depression \[[@pone.0237565.ref014], [@pone.0237565.ref016]\]. According to Croy and Hummel (2017), olfactory function impairment in depression is a result of a diminished olfactory attention and reduction in olfactory receptor turnover rates. The authors also considered that reduction in the olfactory bulb volume can constitute a marker of vulnerability for depression \[[@pone.0237565.ref019]\].

As for odor identification, an indicator of central olfactory processing, most studies showed the absence of alteration in depressive episodes \[[@pone.0237565.ref015], [@pone.0237565.ref020], [@pone.0237565.ref021]\]. However, this finding is controversial since other studies showed that depressed patients can exhibit lower levels of odor identification \[[@pone.0237565.ref022]\]. As for perceived odor intensity, no significant difference was found in depressed patients compared to controls \[[@pone.0237565.ref014], [@pone.0237565.ref015]\]. However, hedonic rating may be affected by depression since depressed patients over-evaluated the pleasantness of positive odors, suggesting a functional bias in brain processing of pleasantness in depressive states \[[@pone.0237565.ref014], [@pone.0237565.ref015]\]. Atanasova et al. (2010) showed that hedonic perception of unpleasant odors is also impaired, with depressed patients perceiving the unpleasant odorant as more unpleasant than controls (olfactory negative alliesthesia). Depressed patients were also unable to discriminate between different concentrations of pleasant odor, thus having an "olfactory anhedonia" \[[@pone.0237565.ref023]\]. Naudin et al. (2012), suggested that "olfactory anhedonia" (expressed by decrease of hedonic score) may be a state marker of depressive episodes, while "olfactory negative alliesthesia" may be a potential trait marker of depression persisting after clinical remission \[[@pone.0237565.ref024]\].

Among all studies evaluating olfactory function in depression, very few compared unipolar and bipolar depressive episodes \[[@pone.0237565.ref010]\]. Lövdahl et al. (2014), showed that 14% of patients with BPD type 2 disorder, and 17.5% of patients with depression within the bipolar spectrum have an impaired sense of smell, compared to 0% of controls \[[@pone.0237565.ref025]\]. Decline in olfactory sensitivity may constitute a differentiation marker between these two types of episodes since it has been found in unipolar depression and not in bipolar one \[[@pone.0237565.ref026]\]. Lahera et al. (2016), showed that euthymic bipolar patients have an impairment in olfactory identification compared to healthy controls \[[@pone.0237565.ref027]\]. Swiecicki et al. (2009) compared patients with unipolar *versus* bipolar depression and found that unipolar patients rate less olfactory stimuli as pleasant compared to patients with BPD. However, no difference was found between groups in olfactory threshold, olfactory identification, and the number of odors rated as unpleasant or neutral \[[@pone.0237565.ref021]\]. According to Parker (2104), bipolar subjects experience suprasensory changes of smell and taste during their manic/hypomanic states. According to the author, these changes are more frequent in bipolar II patients compared to those with bipolar disorder type I. These sensory changes attenuated or disappeared during depressive and euthymic phases \[[@pone.0237565.ref028], [@pone.0237565.ref029]\]. Olfactory acuity in BPD is related with psychosocial and cognitive performances. Indeed, BPD patients with lower levels of fear and avoidance may exhibit a better odor sensitivity \[[@pone.0237565.ref012]\]. Considering the differences in the results of the studies mentioned above, and the scarcity of studies comparing olfactory performance between unipolar and bipolar depression, in the present study we assessed olfactory function in patients with unipolar or bipolar depression, in symptomatic or euthymic states.

The primary objective of this study was to find differences in olfactory perception (olfactory threshold and identification) between patients in unipolar and bipolar depressive states and controls, and to find if these differences persist after remission of depressive episodes. The secondary objectives were the following: to determine bipolar and unipolar patients' judgments of different aspects of olfaction (pleasantness, intensity, familiarity and emotional aspect) and to study the correlations between these olfactory judgments and the clinical patients' state (severity of depression, anhedonia, anxiety).

The primary hypothesis of this study was that olfactory threshold and identification capacity would be altered in depressed individuals compared to healthy controls. This alteration would depend on the type of depression. As for the secondary hypotheses of this study, they were the following:

-   Depressed patients compared to healthy may show deficits in assessing the hedonic value of olfactory stimuli.

-   The judgments of smells' familiarity, intensity and emotional aspect may be lower in depressed patients compared to controls.

-   The olfactory deficits seen in depressed patients may differ between unipolar and bipolar subjects and between subjects in symptomatic phases and in remission, thus constituting potential differentiation markers of bipolarity.

Material and methods {#sec006}
====================

Participants {#sec007}
------------

Patients were recruited in the inpatient and outpatient psychiatric units of two hospital settings (Psychiatric Hospital of the Cross, and Hôtel-Dieu de France, Lebanon). Patients were divided into 4 clinical groups: Depressed Unipolar (DU), Depressed Bipolar (DB), Euthymic Unipolar (EU) and Euthymic Bipolar (EB). The healthy controls (HC) were recruited among individuals with no history of any mood or psychotic disorder or any psychiatric treatment. Groups were matched based on key demographic characteristics of participants such as age, sex and smoking status (see part "[Results](#sec011){ref-type="sec"}", "Demographic and clinical characteristics").

Inclusion criteria for patients were the following: age between 18 and 64 years, current or past diagnosis of a depressive episode, absence of smell impairment related to any brain or nasal surgery or lesion, absence of current pregnancy, absence of current or past substance use disorders, in remission for more than 3 months for patients included in the euthymic groups. Concerning the substance use aspect, the smokers were included in the study, because half of the patients in each group presented tobacco abuse. However, knowing that this parameter may be altered olfactory perception; all groups were matched concerning this aspect. Euthymic subjects had to be symptom free for at least 3 months prior to evaluation, with a MADRS (Montgomery-Åsberg Depression Rating Scale) score lower than 9 on assessment \[[@pone.0237565.ref030], [@pone.0237565.ref031]\]. Exclusion criteria for all participants (patients and controls) were the following: presence of any psychotic symptom, presence of (hypo)manic or mixed episodes, severe cognitive impairment, treatment with medication affecting olfaction, inability to undergo the assessment and anosmia (inability to smell the highest odor concentration on the olfactory threshold test used in the study). Some medications may affect olfaction or induce smell complaints. The most used medications with such effects are the following: Amoxicillin, Azithromycin, Ciprofloxacin, Fluticazone, Prednisone, Amlodipine, Diltiazem, Enalapril, Atorvastatin, Lovastatin, Pravastatin, Levothyroxine \[[@pone.0237565.ref032], [@pone.0237565.ref033]\]. Subjects included in this study took only psychotropic medications for their affective disorders, and none of the drugs listed above.

Over 18 months, 215 participants were approached ([Fig 1](#pone.0237565.g001){ref-type="fig"}), and 176 participants were included in five groups: DU (n = 33), DB (n = 33), EU (n = 31), EB (n = 30), and HC (n = 49). Thirty-nine participants were excluded for the following reasons: anosmia (n = 10), cognitive impairment (n = 9), presence of psychotic symptoms (n = 13), and consent withdrawal (n = 7).

![Distribution of groups of participants.](pone.0237565.g001){#pone.0237565.g001}

The study was approved by the local ethical committee board (Faculty of Medicine, Saint-Joseph University, Beirut, Lebanon) and conducted in accordance with Good Clinical Practice procedures and the current revision of the Declaration of Helsinki. All participants signed an informed consent. The two evaluators in this study were a clinical psychiatrist and clinical psychologist both trained to use the scales and tests needed for this study.

Clinical assessment {#sec008}
-------------------

All participants had a 90--120 minutes' interview to assess their clinical status and their olfactory function. Interviewers obtained information concerning social and demographic status (age, marital status, educational level, working status), present and past medical history, current and past treatments, number of depressive episodes, number of manic and hypomanic episodes, total duration of depressive episodes, number of hospital admissions, age of onset of mood disorder and smoking status.

Clinical assessment included the following tools: The Mini International Neuropsychiatric Interview (MINI 5.0.0) (Arabic validation) \[[@pone.0237565.ref034], [@pone.0237565.ref035]\] was used for the diagnosis of current and past psychiatric disorders; the Montgomery-Åsberg Depression Rating Scale (MADRS) (Arabic validation) \[[@pone.0237565.ref030], [@pone.0237565.ref036]\] was used to assess the severity of depressive symptoms; the Young Mania Rating Scale (YMRS) \[[@pone.0237565.ref037]\] was used to confirm the absence of any manic, hypomanic or mixed episodes; the State-Trait Anxiety Inventory (STAI) (Arabic validation) \[[@pone.0237565.ref038], [@pone.0237565.ref039]\] was used to evaluate the intensity of anxiety symptoms; and the Chapman physical and social anhedonia questionnaire \[[@pone.0237565.ref040], [@pone.0237565.ref041]\] was used to evaluate clinical anhedonia.

Olfactory assessment {#sec009}
--------------------

Olfactory tests evaluated patients' olfactory threshold, olfactory identification capacity and their rating of odors hedonic aspect, familiarity, intensity, and emotional impact.

The smell threshold is the minimum concentration at which an odor is perceived. It corresponds to the measure of the lowest concentration of a particular olfactory stimulus required to activate the olfactory receptors. The Sniffin' sticks threshold test (Burghardt^®^) \[[@pone.0237565.ref042]\] was used to determine the threshold by the "staircase procedure". The test consists of the successive presentation to the subject of a triplet of 3 "odor sticks". One stick contains a given concentration of phenyl-ethanol (rose-like odor) dissolved in propylene glycol, whereas the others contain the propylene glycol alone. The test contains 16 triplets of sticks with increasing concentrations of phenyl-ethanol. Starting with the lowest concentration, the subject was asked to report which of the 3 sticks contains the odor. If an incorrect response occurred on this trial, the higher concentration is presented. When two consecutive correct trials occurred at a given concentration, the subsequent stimulus was presented one concentration lower to determine if it can be correctly perceived. If one of 2 trials was missed, the examiner switched back to the higher concentration. After a series of 7 switches between concentrations, the geometric mean of the last four staircase reversal points was used as the threshold estimate. High scores of the threshold test reflected high sensitivity to odors.

Odor identification was tested using the Sniffin' sticks identification test--Screening 12 Test (Burghardt^®^, Wedel, Germany) \[[@pone.0237565.ref043]\]. A series of 12 "odor sticks" (banana, cinnamon, clove, coffee, fish, leather, lemon, liquorice, orange, peppermint, pineapple, rose) was presented to the subject. Each time, the subject had to identify the odorant from a list of four descriptors (multiple choice paradigm). The score of 1 or 0 was attributed when the odor was correctly and incorrectly identified respectively. The maximum identification score was 12. Then the subject had to evaluate the pleasantness (hedonic aspect), the familiarity level, the intensity and the emotional rating of the perceived odors on a 10 cm linear scale labeled at each end (highly unpleasant/highly pleasant; unfamiliar odor/very familiar odor; low intensity/very intense; negative emotion/positive emotion). The resulting response was expressed with a score ranging from 0 to 10.

Moreover, it has been demonstrated that anhedonia (one of the two cardinal symptoms of depression) can be detected in some psychiatric disorders through the use of odorants with opposite hedonic valence \[[@pone.0237565.ref013], [@pone.0237565.ref023]\]. Consequently, in the present study, the 12 odors of the used standardized Sniffin' sticks---Screening 12 identification test were divided between pleasant (hedonic score more than 5) and unpleasant (hedonic score less than 5) according to controls ratings (Positive odors (POS): banana, cinnamon, coffee, lemon, liquorice, orange, peppermint, pineapple and rose) and unpleasant (Negative odors (NEG): clove, fish and leather). This permitted also to increase the power of the results and to test the influence of odor's hedonic aspect on the olfactory perception.

Statistical analysis {#sec010}
--------------------

First of all, the sample size calculations were performed based on our preliminary data for olfactory identification and in order to have a number of participants for a statistical power of 0.8, allowing the detection of an effect size eta^2^ = 0.06 (i.e. d = 0.5) at a significance threshold of 0.05. Based on our sample size (n ≥ 30 per group), conditions for applying the central limit theorem was met, allowing us using one-way ANOVA even when normality may not be ensured for all samples.

The Chi-square test was used to compare proportions of qualitative variables of the different groups of subjects (sex, smoking status and number of correct identification responses per odors or group of odors: POS and NEG). The Marascuilo procedure was used to carry out comparison of all possible pairs of proportions between groups for number of correct identification responses per odors or group of odors: POS and NEG. The quantitative variable (age, educational level, total identification score, threshold score, age of onset, number of depressive episodes, number of hospital admissions, MADRS score, STAI-state score, STAI-trait score, YMRS score, social anhedonia score and physical anhedonia score) of the five groups (or four groups, when only the patients' groups were compared) were computed separately with an analysis of variance (ANOVA) with 1 factor: group. As significant effect of group was found, a two-by-two comparison between groups was carried out using Tukey post hoc test.

For each odor's characteristic (pleasantness, familiarity, intensity and emotion), analysis of variance with 2 factors: stimulus (POS and NEG odors) and group (5 groups of subjects: DU, DB, EU, EB and HC) and their interaction (group×stimulus) was carried out. When significant effects of stimulus, group or group×stimulus interaction were found, a two-by-two comparison between groups for each stimulus was carried out using Tukey post hoc test.

The Pearson correlation coefficient was used to study the relationship between the clinical subjects' state and their olfactory performances. The Pearson coefficient was calculated for the 4 patients' groups and the significant results obtained in the different tests and scales.

Finally, receiver operating characteristic (ROC) curve analyses were carried out based on the group division (patient groups versus healthy controls). The accuracy (area under the curve, AUC) to which the olfactory tests can predict whether a person belongs to the healthy controls or to any other group were reported. AUC value can vary between 0 and 1. An excellent predictor test would display an AUC near to 1, which means it provides a strong measure of separability between groups (patients and healthy controls), i.e. high specificity and high sensitivity. When AUC is near 0.5, it means the test has no class separation capacity whatsoever and is uninformative. A poor predictor test has AUC near to the 0 which means it has worst measure of separability. A z-test was used to compare each AUC to 0.5 allowing checking if the diagnostic test is more powerful than just a random rule. The ROC curve was generated and the AUC was calculated for all olfactory tests: threshold, identification, pleasantness (POS and NEG odors), familiarity, intensity and emotional rating. Concerning pleasantness judgment, the analysis was carried out for POS and NEG odors, because the two-way ANOVA revealed a significant "group x stimulus" interaction for this variable. For each olfactory test, the AUC of the four patients' groups was compared using Student test for independent samples. Pairwise comparisons were Bonferroni-corrected for multiple comparisons between the four groups.

All statistical analyses were performed at 95% confidence interval (alpha = 5%). They were conducted using XLstat-Pro software. The effect sizes are reported as η2 or Cohen's d, for ANOVA and Student tests respectively. The statistics of the Tukey post hoc tests (p-values and effect sizes), the ROC curves and the optimal cutoff values for each olfactory test and groups of subjects are reported in [S1](#pone.0237565.s001){ref-type="supplementary-material"}--[S13](#pone.0237565.s013){ref-type="supplementary-material"} Tables.

Results {#sec011}
=======

Demographic and clinical characteristics {#sec012}
----------------------------------------

The 5 groups of participants were matched according to age (F~(4,171)~ = 0.2, p = 0.95), sex (χ^2^ = 0.1; df = 4; p = 1) and smoking status (χ^2^ = 0.8; df = 4; p = 0.94) since these variables may be factors of confusion affecting olfactory perception ([Table 1](#pone.0237565.t001){ref-type="table"}). No significant difference between the groups was found also for the educational level (F~(4,171)~ = 2.2, p = 0.07).

10.1371/journal.pone.0237565.t001

###### Demographic and clinical characteristics of participants.

![](pone.0237565.t001){#pone.0237565.t001g}

  Patients' Groups                                   DB (n = 33)       EB (n = 30)       DU (n = 33)       EU (n = 31)       HC (n = 49)
  -------------------------------------------------- ----------------- ----------------- ----------------- ----------------- ----------------
  Mean age, SD                                       36.6 (10.3)       36.2 (13.4)       36.8 (9.9)        34.9 (14.0)       35 (12.1)
  Female/male, ratio                                 25/8              23/7              25/8              24/7              38/11
  Smokers/non-smokers, ratio                         16/17             15/15             17/16             14/17             21/28
  Educational level, mean (SD) \*                    2.1 (0.7)         3.5 (5.2)         2.1 (0.7)         2.7 (0.6)         3.0 (0.2)
  Marital status, %                                                                                                          
   • Single                                          54.5              60                45.5              74.2              63.3
   • Married                                         36.4              23.3              45.5              22.6              36.7
   • Divorced                                        9.1               10                3                 3.2               0
   • Widowed                                         0                 6.7               6                 0                 0
  Age of onset, mean (SD)                            24.5 (8.7)        25.1 (11.3)       28.3 (9.6)        24.9 (10.9)       \-
  Depressive episodes, n (SD)                        8.8 (10.9) ^B^    4.6 (4.2) ^A^     3.5 (3.7) ^A^     2 (1.5) ^A^       0
  (Hypo-) Manic episodes, n (SD)                     3.8 (5.1)         3.2 (4.0)         0                 0                 0
  Hospital admissions, n (SD)                        4.5 (6.1) ^B^     1.5 (2.7) ^A^     1.7 (1.9) ^A^     0.1 (0.4) ^A^     0
  Total duration of depression (months), mean (SD)   36.7 (64.7)       24.6 (29.7)       23.6 (33.3)       15.3 (15.1)       0
  Use of psychotropic treatment (%)                  93.9              83.3              90.1              48.4              0
  MINI 5.0.0 (%)                                                                                                             
   • MDE, current episode                            100               0                 100               0                 0
   • MDE, lifetime                                   100               100               100               100               0
   • Suicidal risk, last month                       75.8              0                 75.8              0                 0
   • (Hypo)-mania, lifetime                          100               100               0                 0                 0
   • Panic disorder, lifetime                        15.2              13.3              12.1              12.9              2
   • Agoraphobia, current episode                    36.4              3.3               12.1              12.9              8.2
   • Social phobia, current                          24.2              10                30.3              9.7               4.1
   • GAD, last 6 months                              48.5              20                60.6              6.5               4.1
   • OCD, last month                                 3                 0                 6.1               0                 0
   • PTSD, last month                                3                 0                 9.1               0                 0
   • Alcohol abuse, last 12 months                   0                 0                 6.1               0                 0
   • Cannabis abuse, last 12 months                  0                 3.3               0                 0                 0
   • Psychotic disorder, lifetime                    0                 0                 0                 0                 0
   • Eating disorders, last 3 months                 0                 0                 0                 3.2               0
  MADRS, mean (SD)                                   41.3 (8.3) ^B^    2.0 (2.0) ^A^     39.3 (8.4) ^B^    2.2 (2.2) ^A^     1.6 (2.9) ^A^
  YMRS, mean (SD)                                    0.6 (1.6) ^A^     0.8 (1.4) ^A^     0.5 (0.9) ^A^     0.1 (0.4) ^A^     0.1 (0.5) ^A^
  Physical anhedonia, mean (SD)                      24.0 (8.7) ^B^    16.4 (9.5) ^A^    25.0 (9.0) ^B^    17.0 (9.0) ^A^    14.0 (7.1) ^A^
  Social anhedonia, mean (SD)                        18.8 (6.2) ^C^    14.4 (7.8) ^B^    19.6 (6.0) ^C^    13.0 (5.6) ^AB^   9.9 (5.7) ^A^
  STAI-trait, mean (SD)                              60.7 (9.3) ^B^    44.3 (10.6) ^A^   55.4 (11.1) ^B^   44.3 (8.6) ^A^    39.8 (9.5) ^A^
  STAI-state, mean (SD)                              61.1 (14.3) ^B^   31.3 (9.0) ^A^    57.8 (15.6) ^B^   31.7 (9.3) ^A^    31.4 (9.0) ^A^

DB: depressed bipolar; EB: euthymic bipolar; DU: depressed unipolar; EU: euthymic unipolar; HC: healthy controls. MINI 5.0.0: Mini-International Neuropsychiatric Interview version; MADRS: Montgomery Åsberg Depression Rating Scale; STAI: State and Trait Anxiety Inventory; YMRS: Young Mania Rating Scale. For each clinical and psychometric parameter, if means share the same letter, they are not significantly different at the 5% level of significance (Tukey test).

The mean number of (hypo)manic episodes was of 3.8 (5.1) and 3.2 (4.0) in the depressed (DB) and euthymic bipolar (EB) groups respectively while none of the controls (HC) or unipolar participants, either depressed (DU) or euthymic (EU), experienced any (hypo)manic episode. Concerning patients, a significant group effect was highlighted for the number of depressive episodes (F~(3,123)~ = 7.1, p\<0.001, η^2^ = 0.15) and for the number of hospital admissions (F~(3,123)~ = 8.9, p\<0.001, η^2^ = 0.18). The mean number of depressive episodes was of 8.8 (10.9) for DB, significantly higher than other groups (4.6 (4.2) for EB, 3.5 (3.7) for DU and 2 (1.5) for EU) ([Table 1](#pone.0237565.t001){ref-type="table"}). There was no difference between patients' groups concerning age of onset (F~(3,123)~ = 1, p = 0.4, η^2^ = 0.02). As expected, a significant group effect was found for all clinical and psychometric parameters (MADRS: F~(4,171)~ = 507, p\<0.001, η^2^ = 0.23; YMRS: F~(4,171)~ = 2.9, p = 0.02, η^2^ = 0.06; Physical Anhedonia: F~(4,171)~ = 12, p\<0.001, η^2^ = 0.22; Social Anhedonia: F~(4,171)~ = 12, p\<0.001, η^2^ = 0.28; STAI-state: F~(4,171)~ = 60, p\<0.001, η^2^ = 0.58; STAI-trait: F~(4,171)~ = 29, p\<0.001, η^2^ = 0.40). The Tukey post hoc tests showed that the scores on MADRS, anhedonia and STAI scales were significantly higher in depression groups compared to both euthymic groups and controls ([Table 1](#pone.0237565.t001){ref-type="table"}). Statistics of the post hoc tests (p-values and effect sizes) concerning demographic and clinical characteristics of patients are reported in the [S1](#pone.0237565.s001){ref-type="supplementary-material"}--[S13](#pone.0237565.s013){ref-type="supplementary-material"} Tables.

Olfactory threshold {#sec013}
-------------------

Concerning the olfactory threshold, a significant group effect was found (F~(4,171)~ = 2.6, p = 0.036, η^2^ = 0.06). The two-by-two comparisons between groups showed that DU patients have a significantly lower sensitivity to odor compared to controls. Olfactory threshold scores were not significantly different with DB, EB and EU groups ([Fig 2](#pone.0237565.g002){ref-type="fig"}). Overall, we observed a tendency showing a progressive increase in odor sensitivity between depressed (unipolar and bipolar) states, euthymic (unipolar and bipolar) states and healthy control state respectively. Statistics of the post hoc tests (p-values and effect sizes) concerning olfactory threshold are reported in the [S1](#pone.0237565.s001){ref-type="supplementary-material"}--[S13](#pone.0237565.s013){ref-type="supplementary-material"} Tables.

![Mean threshold and identification scores in Depressed Bipolar (DB), Euthymic Bipolar (EB), Depressed Unipolar (DU), and Euthymic Unipolar (EU) patients compared to Healthy Controls (HC).\
For each parameter, the means with the same letters are not significantly different at the 5% level of significance (Tukey test). Values in parentheses and error bars indicate standard deviation.](pone.0237565.g002){#pone.0237565.g002}

Olfactory identification {#sec014}
------------------------

For the odors' identification performances on the Sniffin' Sticks--Screening 12 test, a significant group effect was observed (F~(4,171)~ = 4.4, p = 0.002, η^2^ = 0.09). The Tukey post hoc test indicated that DU patients identify significantly less odors than EU patients and controls. Identification scores of DB and EB groups were not significantly different from other groups ([Fig 2](#pone.0237565.g002){ref-type="fig"}).

There was no significant difference between groups in the identification of negative odors (χ^2^ = 5.6; df = 4; p = 0.2). As for positive odors, DB, EB and DU patients identified significantly less positive odors than controls, and DU patients identified significantly less positive odors than EU patients (χ^2^ = 33; df = 4; p\<0.001), ([Fig 3](#pone.0237565.g003){ref-type="fig"}). Statistics of the post hoc tests (p-values and effect sizes) concerning odors identification are reported in the [S1](#pone.0237565.s001){ref-type="supplementary-material"}--[S13](#pone.0237565.s013){ref-type="supplementary-material"} Tables.

![Between-group comparisons of the number of correct identification responses for Positive (POS) and Negative (NEG) odors.\
DB: depressed bipolar; EB: euthymic bipolar; DU: depressed unipolar; EU: euthymic unipolar; HC: healthy controls. For positive odors, values with the same letters are not significantly different at the 5% level of significance (Marascuilo procedure).](pone.0237565.g003){#pone.0237565.g003}

Pleasantness, familiarity, intensity, and emotional rating of odors {#sec015}
-------------------------------------------------------------------

The two way analysis of variance with interaction, indicated a significant effect of stimulus for all odor's characteristic except intensity (Pleasantness: F~(1,2102)~ = 537, p\<0.001, η^2^ = 0.19; Familiarity: F~(1,2102)~ = 244, p\<0.001, η^2^ = 0.1; Intensity: F~(1,2102)~ = 0.5, p = 0.46, η^2^\<0.001; Emotion: F~(1,2102)~ = 479, p\<0.001, η^2^ = 0.18). A significant group effect was found for all olfactory parameters (Pleasantness: F~(4,2102)~ = 14.6, p\<0.001, η^2^ = 0.02; Familiarity: F~(4,2102)~ = 30, p\<0.001, η^2^ = 0.05; Intensity: F~(4,2102)~ = 5, p\<0.001, η^2^ = 0.01; Emotion: F~(4,2102)~ = 5, p = 0.001, η^2^ = 0.008). [Table 2](#pone.0237565.t002){ref-type="table"} shows the mean ratings of different groups for the pleasant, familiar, intense and emotional aspect of the 12 odors of the Sniffin' Sticks--Screening 12 identification test.

10.1371/journal.pone.0237565.t002

###### Mean scores (standard deviation) for the olfactory judgments (all odors) evaluated by Depressed Bipolar (DB), Euthymic Bipolar (EB), Depressed Unipolar (DU), Euthymic Unipolar (EU) patients compared to Healthy Controls (HC).

![](pone.0237565.t002){#pone.0237565.t002g}

                            DB (n = 33)   EB (n = 30)   DU (n = 33)   EU (n = 31)   HC (n = 49)
  ------------------------- ------------- ------------- ------------- ------------- -------------
  **Olfactory judgement**                                                           
  Pleasantness, mean (SD)   4.4 (3.4)     5.8 (3.6)     5.4 (3.2)     6.1 (3.1)     6.3 (2.9)
  Familiarity, mean (SD)    5.9 (3.6)     6.8 (3.3)     6.4 (3.3)     7.9 (2.5)     7.6 (2.5)
  Intensity, mean (SD)      6.7 (3.0)     7.4 (2.6)     6.9 (2.6)     7.2 (3.1)     6.9 (2.0)
  Emotion, mean (SD)        5.2 (3.6)     5.8 (3.6)     5.6 (3.3)     6.0 (2.0)     6.0 (2.6)

With regard to the "group x stimulus" interaction, the results showed a difference between the groups according to the stimulus for pleasantness only (Pleasantness: F~(4,2102)~ = 5.9, p\<0.001, η^2^ = 0.004; Familiarity: F~(4,2102)~ = 2.3, p = 0.06, η^2^ = 0.004; Intensity: F~(4,2102)~ = 1, p = 0.3, η^2^ = 0.002; Emotion: F~(4,2102)~ = 0.8, p = 0.52, η^2^ = 0.001). As for the pleasantness score reflecting hedonic rating of odors, significant difference was found between groups concerning the rating of pleasant positive (POS) odors only ([Fig 4](#pone.0237565.g004){ref-type="fig"}). DB patients rated the odors significantly less pleasant the 4 other groups (DU, EB, EU and HC). DU patients had also significantly lower hedonic ratings than Controls and EU patients. Statistics of the post hoc tests (p-values and effect sizes) concerning hedonic perception of odors are reported in the [S1](#pone.0237565.s001){ref-type="supplementary-material"}--[S13](#pone.0237565.s013){ref-type="supplementary-material"} Tables.

![Mean hedonic scores for the positive (NEG) and the negative (POS) odors.\
DB: depressed bipolar; EB: euthymic bipolar; DU: depressed unipolar; EU: euthymic unipolar; HC: healthy controls. Means with the same letters are not significantly different at the 5% level of significance (Tukey test). Values in parentheses and error bars indicate standard deviation.](pone.0237565.g004){#pone.0237565.g004}

Correlation between hedonic rating and clinical variables {#sec016}
---------------------------------------------------------

A significant negative correlation was demonstrated between social anhedonia score and the hedonic rating of pleasant odors for EB patients (r = -0.37, p = 0.04).

As for EU patients, significant negative correlation coefficients were found between the hedonic rating of pleasant odors and STAI-state score (r = -0.425, p = 0.017), physical anhedonia (r = -0.43, p = 0.015) and social anhedonia (r = -0.38, p = 0.034) scores respectively ([Fig 5](#pone.0237565.g005){ref-type="fig"}).

![Scatterplot for the correlation data.\
Correlation between hedonic rating and clinical variables (Pearson coefficient).](pone.0237565.g005){#pone.0237565.g005}

Receiver operating characteristic (ROC) curve analysis {#sec017}
------------------------------------------------------

In [Table 3](#pone.0237565.t003){ref-type="table"}, the results of the ROC analysis are shown for all olfactory tests. Concerning olfactory threshold, the value of the area under the ROC curve (AUC), which indicates how well the threshold score is able to discriminate between patients and healthy controls, was highest for DB and DU (0.66) groups and lowest for EU group (0.59). The pairwise comparisons with Student tests indicated no significant difference between the AUC of the four groups. The results of the z-tests demonstrated that for DB and DU groups, the AUC were significantly different from 0.5. It was not the case for EB and EU groups.

10.1371/journal.pone.0237565.t003

###### Results of ROC analysis for all patients' groups (DB, EB, DU and EU) and olfactory tests.

![](pone.0237565.t003){#pone.0237565.t003g}

  Olfactory test            AUC         Standard deviation   95% CI       p-value (z-test)
  ------------------------- ----------- -------------------- ------------ ------------------
  **Olfactory threshold**                                                 
  DB                        0.66 ^A^    0.07                 0.54--0.79   0.013
  DU                        0.66 ^A^    0.07                 0.53--0.80   0.020
  EB                        0.61 ^A^    0.07                 0.46--0.75   0.150
  EU                        0.59 ^A^    0.07                 0.45--0.73   0.193
  **Identification**                                                      
  DB                        0.62 ^B^    0.07                 0.49--0.76   0.068
  DU                        0.67 ^B^    0.06                 0.54--0.79   0.009
  EB                        0.64 ^B^    0.07                 0.50--0.78   0.046
  EU                        0.42 ^A^    0.07                 0.29--0.56   0.261
  **Pleasantness (POS)**                                                  
  DB                        0.70 ^D^    0.02                 0.65--0.75   \< 0.0001
  DU                        0.61 ^C^    0.02                 0.57--0.66   \< 0.0001
  EB                        0.51 ^A^    0.03                 0.45--0.56   0.800
  EU                        0.53 ^A^    0.03                 0.48--0.58   0.269
  **Pleasantness (NEG)**                                                  
  DB                        0.58 ^C^    0.04                 0.50--0.66   0.046
  DU                        0.46 ^AB^   0.04                 0.38--0.54   0.359
  EB                        0.51 ^B^    0.04                 0.43--0.60   0.747
  EU                        0.44 ^A^    0.04                 0.36--0.52   0.128
  **Familiarity**                                                         
  DB                        0.62 ^D^    0.02                 0.58--0.66   \< 0.0001
  DU                        0.59 ^C^    0.02                 0.55--0.63   \< 0.0001
  EB                        0.54 ^B^    0.02                 0.50--0.59   0.047
  EU                        0.46 ^A^    0.02                 0.42--0.50   0.041
  **Intensity**                                                           
  DB                        0.49 ^C^    0.02                 0.45--0.54   0.775
  DU                        0.48 ^C^    0.02                 0.44--0.52   0.378
  EB                        0.42 ^A^    0.02                 0.38--0.47   0.001
  EU                        0.45 ^B^    0.02                 0.41--0.49   0.015
  **Emotional rating**                                                    
  DB                        0.56 ^C^    0.02                 0.51--0.60   0.008
  DU                        0.53 ^B^    0.02                 0.49--0.57   0.134
  EB                        0.49 ^A^    0.02                 0.45--0.54   0.830
  EU                        0.50 ^A^    0.02                 0.46--0.54   0.971

For each variable, the AUC (Area Under the Curve) with the same letters are not significantly different at the 5% level of significance (Student test with Bonferroni correction). Each AUC was compare to 0.5 using z-test. CI: confidence interval, ROC: Receiver operating characteristic, DB: Depressed Bipolar, DU: Depressed Unipolar, EB: Euthymic Bipolar, EU: Euthymic Unipolar.

Regarding odors' identification test, the AUC of the EU group was significantly lower compared to DB, DU and EB groups. The AUC for DU and EB groups only were significantly different from 0.5.

For pleasantness rating of positive odors (POS), the AUC was highest for DB group (0.70) and lowest for EB group (0.51). Only the AUC for both symptomatic groups (DB and DU) were significantly different from 0.5. Concerning the pleasantness rating of negative odors (NEG) the DB group has the highest AUC (0.58) and for this group only, the AUC was significantly different from 0.5.

As for familiarity, the AUC of DB group was highest (0.62). The results of the z-tests revealed that for all groups the AUC were significantly different from 0.5; but for EU group the AUC was lowest than 0.5 (0.46). Regarding intensity, the AUC for DB and DU groups were not significantly different from 0.5. The AUC for EB and EU groups were significantly different from 0.5, but lower than 0.5. At last, concerning emotional rating, the AUC of DB group (0.56) was significantly higher compared to other three groups and for this group only the AUC was significantly different from 0.5.

Discussion {#sec018}
==========

In the present study, we have assessed olfactory performance of four groups of patients in both unipolar and bipolar depression, in symptomatic and euthymic states. We have compared the performances of these groups between them and with healthy controls. The olfactory functions evaluated in this study were the olfactory threshold, olfactory identification and participants' ratings of pleasantness (hedonic rating), intensity, familiarity and emotion for different odors. Thus, the study aims at giving results concerning state and trait olfactory alterations associated with unipolar and bipolar depression.

Olfactory threshold {#sec019}
-------------------

The olfactory threshold measured in our study was higher in DU patients compared to controls, meaning that unipolar depressed patients were less sensitive to odors than healthy individuals. The results were not significantly different among groups of patients. However, we have observed a tendency of progressive increase in odor sensitivity between patients in depressed and euthymic states. These results are in accordance with literature showing a decrease in olfactory sensitivity in depressive states \[[@pone.0237565.ref014]--[@pone.0237565.ref018]\]. This relationship between depressive symptoms and odor sensitivity can be attributed to close connections between the olfactory bulb, the olfactory sulcus and the amygdala \[[@pone.0237565.ref017], [@pone.0237565.ref044]--[@pone.0237565.ref046]\].

The value of the area under the ROC curve (AUC), which is a measure of how well the threshold score is able to discriminate between patients and healthy controls, is the same (0.66) for both symptomatic groups (DB and DU) and no significant difference was found between the AUC of the four groups. However, the AUC values of two groups of euthymic patients are not significant different from 0.5, showing that there is no discrimination of these two groups of patients with controls. Obviously, our results demonstrate that the reduction in odor sensitivity is specific for unipolar depressive states, since the results show that this group of patients recover their odor sensitivity after symptomatic remission. This observation concerning unipolar depression was already reported by other studies \[[@pone.0237565.ref014]\]. Moreover, when we compared the threshold scores of our four groups with the normative value in the literature (healthy individuals between 31--40 years, threshold score = 8.93±2.87) \[[@pone.0237565.ref047]\], no significant difference was found for DB (t = 0.6; df = 32; p = 0.53), for DU (t = 0.14; df = 32; p = 0.89) and for EB (t = 1.3; df = 29; p = 0.19) groups. However, the threshold score of the EU group (t = 3.5; df = 30; p = 0.002) and healthy controls (t = 4.6; df = 48; p\<0.001) were significantly higher compared to the normative value. This lag of the results especially concerning the controls group could be due to the differences of the experimental conditions and/or the difference of the cultures. This last point is discussed later in the manuscript. It must be also noticed, that globally, the discriminatory power of our ROC analysis was low.

Olfactory identification {#sec020}
------------------------

Our results show that odor identification capacity was significantly lower in DU patients compared to controls. Moreover, the accuracy to which the identification test predicts whether an individual belongs to the healthy controls or to DU groups is relatively high (0.67) and significantly different from 0.5. When considering pleasant odors, these differences are more pronounced showing that DU, DB and EB patients have a reduction in their odor identification capacity. Therefore, identification seems to be altered in both unipolar and bipolar depressive states, but only unipolar patients would recover a regular identification level in remission phase, while bipolar patients would keep their deficits even after symptomatic remission. When comparing the identification scores of our four groups with the normative value in the literature (healthy individuals between 31--40 years, identification score = 10.6±1.8) \[[@pone.0237565.ref043]\], no significant difference was found for EU (t = 0.5; df = 30; p = 0.62) and HC (t = 0.4; df = 48; p = 0.71) groups. But for our DB (t = -2.3; df = 32; p = 0.025), DU (t = -3.1; df = 32; p = 0.004) and EB (t = -2.8; df = 29; p = 0.01) groups, the identification score were significantly lower compared to the normative value. These observations strengthen even more our results discussed above. Only few studies in literature show that odor identification is altered in depression \[[@pone.0237565.ref022]\]. In many studies, significant alteration in odor identification in depression is not found \[[@pone.0237565.ref015], [@pone.0237565.ref020], [@pone.0237565.ref021], [@pone.0237565.ref024], [@pone.0237565.ref048]--[@pone.0237565.ref051]\].

Other studies show that odor identification is altered in Alzheimer disease \[[@pone.0237565.ref013]\]. Impairment in cognitive functions observed in both Alzheimer Disease and depressive disorders may explain that odor identification deficit is seen in both disorders. Differences between studies concerning odor identification in depression can also be explained by population and cultural differences between samples. Smell ability can be affected by habituation, stimulation and may differ between different cultures. Studies show that olfactory perception varies between societies even if they share the same language. These variations depend on the cultural specific knowledge of each society \[[@pone.0237565.ref052]\]. Furthermore, affective responses to odors vary between countries. Ferdenzi et al (2013) report that subjects from Singapore found that odors were less familiar, less intense and less pleasant than European subjects \[[@pone.0237565.ref053]\]. Our study is the first one to be conducted on a Lebanese Mediterranean population, while all others included either American or European (France, Germany, Poland) subjects. This difference may explain the association between odor identification and depression observed in our study and not in others. However, this association is still unclear and more investigations of the relationship between odor identification and depression are needed.

Odor identification is dependent on several cognitive factors including semantic memory, denomination capacities and understanding of the instructions \[[@pone.0237565.ref013]\]. The orbitofrontal cortex (OFC) is involved in odor identification, in the judgment of the hedonic value of odors \[[@pone.0237565.ref054]\], and in cognitive impairments associated with depression \[[@pone.0237565.ref013], [@pone.0237565.ref055]\]. Several parts of the OFC may be implicated in both olfactory and depressive processes. The medial OFC is activated by pleasant odors, while the posterior mid-orbitofrontal cortex is activated by unpleasant components of odors \[[@pone.0237565.ref056]\]. Theories also suggest that in depression the lateral OFC is activated and the medial OFC has a decreased activity, both participating to the cognitive symptoms of depression \[[@pone.0237565.ref057], [@pone.0237565.ref058]\]. Other brain areas including the hippocampus and the amygdala are also involved in odor identification \[[@pone.0237565.ref059]\]. Dysfunctions in these areas and associated cognitive impairments may explain the identification deficits observed in our study in depressed states. The hippocampus is activated in odor memorization \[[@pone.0237565.ref060]\]. The volume of this structure is also decreased in depression \[[@pone.0237565.ref061]\]. As for the amygdala, it plays a role in the memorization of the emotional aspect of odors \[[@pone.0237565.ref045]\]. Several studies have also showed an abnormal activity of the amygdala in depression. Their results are however contradictory since some show an increased volume in depression \[[@pone.0237565.ref062]\], while others are in favor of a decreased volume of this brain structure \[[@pone.0237565.ref063]\].

Overall, odor identification depends on several cognitive features and different brain areas. Olfactory function deficits and depressive symptoms may be associated to the same brain regions. However, this overlap in anatomical brain regions does not necessarily imply common pathophysiology. The links and connections between these different functions and areas are still uncertain, thus needing further research to fully understand odor identification capacity. In order to understand the association between these overlapping functions, fMRI studies may be needed. Functional imagery assessment was not a part of our study design, thus reducing the extent of our results' interpretation.

Odor identification deficits found in our study are more pronounced regarding pleasant odors. Patients with bipolar disorder show deficits in identifying pleasant odors during depression and after symptomatic remission. These results are confirmed by Lahera et al (2016), showing deficit in olfactory identification in euthymic bipolar patients. The persistence of these identification deficits in euthymic bipolar patients may be a possible indicator of the persistence of cognitive alterations and deficits in emotional perception in bipolar disorders after remission \[[@pone.0237565.ref027]\]. Moreover, our results of the ROC analysis revealed that the accuracy of the identification test prediction concerning the distinction between healthy controls and DB patients was not more powerful than just a random rule.

Pleasantness of odors and anhedonia {#sec021}
-----------------------------------

Studies show that patients with depression exhibit altered hedonic rating of odors compared to controls \[[@pone.0237565.ref014], [@pone.0237565.ref015], [@pone.0237565.ref023]\]. Our results show that depressed patients have a lower hedonic rating of pleasant odors (POS) compared to euthymic patients and to healthy controls. Moreover, hedonic rating is lower in bipolar depressed patients compared to unipolar ones, and these deficits improve after remission. Therefore, the hedonic rating of pleasant odors can distinguish bipolar depressions from unipolar depressions during periods of decompensation and during the phases of remission. Our results of the ROC analysis support these observations. Indeed, the highest AUC value was obtained for the hedonic POS rating of DB group (0.70) and for EB group the distinguishing between patients and controls could not be performed (AUC = 0.51).

This rating of pleasantness is a feature of the orbitofrontal representation modulated by affective states. It also depends on the integrative function of the prefrontal cortex \[[@pone.0237565.ref018], [@pone.0237565.ref064]\]. Dysfunctions in these brain regions observed in depression can explain these deficits in hedonic ratings \[[@pone.0237565.ref010]\]. Therefore, hedonic rating of pleasant odors can constitute a possible indicator for depressive states, but also a potential differentiator between unipolar and bipolar depression. A complementary ROC analyses based on DU and DB groups division revealed a relatively low accuracy (AUC = 0.59) of distinction of these two groups concerning the rating of the pleasant odors, but it is significantly higher than 0.5 (z = 3.9; p\<0.001).

Clinical anhedonia is a major criterion in the diagnosis of depressive episodes \[[@pone.0237565.ref001]\]. A relationship between clinical and sensory anhedonia has been established. Berlin et al. (1998) show that anhedonia can be expressed on a gustatory level \[[@pone.0237565.ref065]\], while Atanasova et al. (2010) demonstrate the presence in depressed subjects of olfactory anhedonia of pleasant odors on qualitative and quantitative levels \[[@pone.0237565.ref023]\]. Our study is replicating such results by showing marked olfactory anhedonia of positive odors in depressed unipolar and bipolar subjects. The relationship between olfactory and clinical anhedonia is also expressed in our study through the correlations between these variables. Negative correlations between hedonic rating of positive odors and the Chapman anhedonia questionnaire scores are found in EU and EB groups. This shows that olfactory anhedonia is a direct reflection of clinical anhedonia and of the emotional state of the subject. This association between olfactory and clinical anhedonia is detected in remitted patients in euthymic states. Our results show a significant difference between groups in olfactory identification and hedonic rating of pleasant (positive) odors only. This result is due to olfactory anhedonia for pleasant stimuli seen in depressed subjects \[[@pone.0237565.ref023]\]. As for unpleasant (negative) odors, the presence in our test of only 3 odors (compared to 9 positive odors), may have prevented the appearance of significant difference between groups. A future use of olfactory tests with more unpleasant odors may show more significant differences between groups.

Neuroimaging in depression and olfaction {#sec022}
----------------------------------------

Studies have shown that depressed states are associated to abnormal activations in different brain regions including the orbitofrontal cortex, the prefrontal cortex, the amygdala and the anterior cingulate. Considering that these regions are also involved in olfactory perception, their dysfunctions in bipolar and depressive disorder would have implications on olfactory function \[[@pone.0237565.ref010], [@pone.0237565.ref018]\]. Structural abnormalities of olfactory structures are also observed in depressed subjects. Rottstädt et al. (2018) observed a reduction in olfactory bulb volume in depressed patients. The volume of the olfactory bulb in depression was correlated to the volume of the insula, superior temporal cortex and amygdala \[[@pone.0237565.ref066]\]. These results are confirmed by Negoias et al. (2016) that observed a correlation between olfactory bulb volume and depression severity \[[@pone.0237565.ref044]\]. This structure may indeed constitute a biological vulnerability factor for the occurrence and maintenance of depression \[[@pone.0237565.ref044], [@pone.0237565.ref067]\]. Structural abnormalities are also seen in other brain structures. Depressed subjects (in symptomatic and remission phases) have shallower olfactory sulci compared to controls suggesting that abnormal olfactory sulcus morphology may be a trait-related marker of vulnerability to depression \[[@pone.0237565.ref046]\]. Studies using functional brain MRI showed that subjects with olfactory impairment have reduced right hippocampal brain responses to emotional stimuli \[[@pone.0237565.ref068]\]. Takahashi et al. (2010) also showed that current and remitted depressed subjects have reduced left anterior insular cortex volume, a possible trait marker of depression \[[@pone.0237565.ref069]\]. This region plays a major role in emotional regulation and olfactory discrimination \[[@pone.0237565.ref069], [@pone.0237565.ref070]\]. All these abnormalities of olfactory structures in depression can explain the deficits in olfactory sensitivity, identification and hedonic appraisal seen in our population.

In summary, this study shows that depressed patients express deficits in the hedonic aspect of their olfactory perception, as well as alterations in olfactory identification and sensitivity. Our study has also showed that major olfactory differences are found between unipolar and bipolar depressed subjects. Olfactory threshold and global identification of smells were affected only in unipolar patients and not in bipolar ones. However, as mentioned earlier, we observed a tendency of progressive increase in odor sensitivity between patients in depressed and euthymic states. But when assessing the identification of Positive (Pleasant Odors), both types of depression were affected, but only unipolar subjects recovered their deficit after remission. These differences in olfactory measures between unipolar and bipolar depression compared to healthy controls can be related to several factors. These results may be indicators of the pathophysiological differences between unipolar and bipolar depression. Reduction in olfactory bulb volume observed in depression can cause deficit in olfactory sensitivity and identification capacity \[[@pone.0237565.ref017], [@pone.0237565.ref044]\]. However, studies have showed that mood stabilizers (Lithium and valproate) widely used in patients with bipolar disorder may have a neuroprotective effect by preventing dopamine depletion in the olfactory bulb and striatum \[[@pone.0237565.ref071]\]. This may explain why some olfactory deficits are observed in unipolar depressed subjects and not bipolar ones. Deficit in olfactory identification was noted in both unipolar and bipolar depressed subjects regarding only pleasant smells. Olfactory identification involved cognitive processes \[[@pone.0237565.ref013]\] that may be altered in depression. Studies show that depressed patients exhibit abnormal reactivity of the amygdala and a decreased response to positive stimuli thus explaining deficit in the olfactory identification of pleasant smells \[[@pone.0237565.ref072], [@pone.0237565.ref073]\].

This is the first study that shows differences in olfactory function between bipolar and unipolar depression. Besides being potential indicators of depression, some olfactory alterations may help differentiating between unipolar and bipolar depression. In our study, the hedonic rating of pleasant odors was found to be a possible indicator of depressive state and a potential factor differentiating between unipolar and bipolar phases. The results of this study add to the available literature that shows that olfaction may be an objective tool to evaluate depressive disorders in symptomatic and euthymic phases. It also shows evidence that sensory assessments can help differentiate between bipolar and unipolar depression, adding therefore accuracy to the diagnostic and treatment processes.

Limitations {#sec023}
-----------

Some limitations of the present study merit discussion. First, this is a cross-sectional study comparing the olfactory function of different groups of patients in depressive and euthymic phases. A more accurate evaluation would have been a prospective comparison of the same patients in the depressive phase and after remission. To reduce this bias, we have matched all our participants' groups on age, sex and smoking status. Second, the effect of treatment on olfaction was not studied. All depressed patients and most euthymic patients were taking psychotropic medications. These medications may have a possible effect on olfaction (although taking a medication with direct effect on olfactory perception was an exclusion criterion) \[[@pone.0237565.ref010]\] and may constitute a bias in our study. Third, clinical evaluation of patients included taking history of past mood episodes, duration of episodes, number and duration of hospital admissions. This information may be subject to patients' recall bias that should be acknowledged. Fourth, as suggested previously in this part, odors' identification, odors' familiarity and pleasantness may be subject to cultural differences depending on the extent of an odor's use in specific populations. This study was conducted in Lebanon, and the results observed in Lebanese patients may differ from those of other clinical populations. In this study we used Arabic validated versions of the MINI, STAI and MADRS scales. However, we couldn't find Arabic validated versions of the YMRS and Chapman Physical and Social Anhedonia Questionnaire. For the YMRS, we used an Arabic translation of this scale. However, this scale was used to rule out manic/hypomanic episodes that were already ruled out by the MINI. As for the Chapman Anhedonia Questionnaire, we did an Arabic translation and a back translation of this questionnaire. The results obtained in this study were gathered for the validation of the Arabic version of this questionnaire that is still in process. This study evaluated subjects with bipolar disorders. However, we didn't evaluate subjects in manic or hypomanic states. Studies have showed that bipolar subjects exhibit a characteristic magnification and persistence of their smell abilities in manic/hypomanic phases \[[@pone.0237565.ref028], [@pone.0237565.ref029]\]. An evaluation of patients during these phases would have brought new data to our study and improved our understanding of olfactory changes in bipolar disorders. Subjects in our study had also different number of mood episodes and hospital admissions. Significant differences were seen between groups, and these variables may constitute a bias in the interpretation of olfactory differences. A future study including subjects with the same number of mood episodes would provide more consistent and accurate data on olfactory function in depressive and euthymic states. Patients with severe cognitive impairment were excluded from the study because of their incapacity to complete the assessment. Therefore, severely depressed patients with cognitive impairment may have been excluded from this study, thus affecting its results. At last, we should mention that our sample was recruited from a clinical population in two hospital settings, and might not result of true randomization of subjects presenting with depressive symptoms in the general population. These biases should be acknowledged before generalizing the results of our study.

Conclusion {#sec024}
==========

In conclusion, our results have demonstrated the presence of potential olfactory indicators regarding states and traits of unipolar/bipolar depression. These olfactory indicators may also help in differentiating unipolar depression from bipolar one, and may help in determining future olfactory markers of depression. However, these results need to be replicated in future studies in order to specify these possible markers and to determine cut-off variations in olfaction that can be used on an individual level to contribute to the diagnosis of depression.

Supporting information {#sec025}
======================

###### Demographic and clinical characteristics of patients: Depressive episodes.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: Hospital admissions.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: Montgomery Åsberg Depression Rating Scale (MADRS).

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: Young Mania Rating Scale (YMRS).

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: Physical Anhedonia.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: Social Anhedonia.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: STAI---Trait.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Demographic and clinical characteristics of patients: STAI---State.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Odors' identification.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Odor threshold.

Two-by-two comparisons between groups using Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Hedonic scores for the Positive (POS) and the Negative (NEG) odors.

Two-by-two comparisons between groups: Tukey test. α = 0.05 (DB: depressed bipolar patients. n = 33; EB: euthymic bipolar patients. n = 30; DU: depressed unipolar patients. n = 33; EU: euthymic unipolar patients. n = 31 and HC: healthy controls. n = 49). d: Cohen's effect size.

(DOCX)

###### 

Click here for additional data file.

###### Optimal cutoff values.

Correspond to the maximum sum of sensitivity and specificity, when all cutoff values of the variable are considering for each group of subjects. \*: Accuracy is the Proportion Correctly Classified: (number of True Positives + number of True Negative) / (number of True Positives + number of False Positives + number of False Negatives + number of True Negative). CI: confidence interval.

(DOCX)

###### 

Click here for additional data file.

###### Pre-test.

Pretest performed on two groups of subjects with similar demographic characteristics to those of the individuals participating in the main experiment. The demographic and psychometric characteristics of the participants are presented in the table below. The results of the odors' identification test (Sniffin' sticks identification test--Screening 12 Test) of the two groups of subjects (subjects with depressive symptoms: DS and Healthy controls: HC) are also reported.

(DOCX)

###### 

Click here for additional data file.

###### Receiver Operating Characteristic (ROC) curves and results.

Presentation of the ROC curves for each patients' group (DB: depressed bipolar patients; EB: euthymic bipolar patients; DU: depressed unipolar patients; EU: euthymic unipolar patients and HC: healthy controls) concerning all olfactory tests. A receiver operating characteristic (ROC) curve plots the true positive rate (sensitivity) against the false positive rate (1 --specificity) for all possible cutoff values. a. Olfactory threshold. b. Identification. c. Pleasantness (POS). d. Pleasantness (NEG). e. Familiarity. f. Intensity. g. Emotion.

(TIFF)

###### 

Click here for additional data file.
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Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Comments to the Authors

In this study, authors investigated difference in olfactory detection and identification between patients with unipolar and bipolar depression, in symptomatic and euthymic state. It is interesting study to observe the difference character for olfactory perception between group of patietns, however, number of issues must be clarify.

Major comments

1\. Introduction is too long, and it seems to missing points.

2\. Discussion section may be divided into sections.

3\. Each results were interesting, however, it was hard to understand the connection between those results. For example, threshold level in DU was significantly lower than HC, on the one hand, identification of DU was significantly lower than EU and HC. These results can understand DU was clearly different from HC but it was not clear DB and EB. It may be discuss such detail difference in discussion with references of the past researches.

4\. Recent neuroimaging studies showed olfactory brain activations and volume changes related to level of olfactory ability in psychiatric disorders. It needs to discuss the results obtained this study and possibility of past results of the neuroimaging studies.

5\. Why there was no difference between groups for percentage of correct response of unpleasant odor and hedonic scores? But pleasant odor had.

Reviewer \#2: I had the plesure to review this manuscript, which I think is a valuable work.

Olfaction and olfactory neurobiology are one of the least researched topics. The authors decided to tackle an area of a relevant gap in knowledge.

In their introduction, the authors were able to conduct a comprehensive review of the literature. They showed how olfaction research might be relevant to mood disorders and how it could be relevant to clinical practice; partially how their research could have the potential to differentiate bipolar from unipolar depression. I think the premise of this work is original.

In the introduction, the authors were able to describe their primary and secondary objectives clearly though the authors could have stated their primary and secondary hypotheses explicitly.

The study had a sound design aimed to examine the questions their sat-out to answer. The choice of groups (DU,DU, EB,EU, and control) was well suited to investigate the difference in olfactory functions between:

those who have mood disorders and those who do not suffer from any mental disorders

between types of bipolar and unipolar mood disorders

those who are in relapse and those who are in remission.

I could not see any rationale for the number of participants, in terms of sample size calculation or power calculations.

The authors were mindful of the potential confounders, such as the effect of smoking and other drugs on olfaction. That reflected on the exclusion criteria.

With regards to the clinical assessment, the authors used the following tools:

1\. The Mini International Neuropsychiatric Interview (MINI 5.0.0)

2\. Montgomery-Åsberg Depression Rating Scale (MADRS)

3\. Young Mania Rating Scale (YMRS)

4\. State-Trait Anxiety Inventory (STAI)

5\. Chapman physical and social anhedonia questionnaire

The authors did not report the validity of the use of those tests in the Lebanese culture, especially if participants are not native English speakers or if they speak English at all. The authors need to report if the versions of the 5 tools used in the clinical assessment were conducted in English or Arabic. If the authors used Arabic translations, then they need to cite the authors of the Arabic translation of those tools.

They also used The Sniffin\' sticks threshold test and Sniffin\' sticks identification test -- Screening 12 Test for assessing to assess olfactory threshold, olfactory identification capacity and their rating of odours hedonic aspect, familiarity, intensity, and emotional impact. The participant cultural background heavily influences those tests. The authors have already discussion and the limitation of the study.

With regards to the statistical tests used, the authors decided to use one-way analysis of variance (one-way ANOVA) with Tukey posthoc test when comparisons between groups were carried out for quantitative variables. While the use of parametric ANOVA might be suitable for parametric tests, such as age, other variables, such as educational level, total identification score and threshold scores might not conform to the normal distribution probability model. Hence, the use of Kruskal--Wallis one-way analysis of variance might be more suitable. The authors might want to use Dunn\'s post hoc tests to examine the difference in each pair of groups.

The authors\' report of the results was clear in the narrative. They used clear visualisation for the data.

The authors were able to provide a clear summary and clearly explain their findings. Their conclusions followed through the results. That shows the high degree of internal validity of this manuscript. Moreover, those results might be generalisable to the whole population of patients suffering from mood disorders. That adds to the external validity of this work.

In summary, I think this work is original and relevant. It addresses an existing gap in knowledge. Yet in its early stages for it to be clinically applicable. The choice of study groups and the design of the study were sound. The tools used, though might be suitable, might not be validated yet for the non-English speaking population. The authors need to report on the validity of those tools in Lebanese or Arabic population. The authors might want to consider other non-parametric statistical tests for some of the quantitative variables.

I think that is a valuable work that deserves to be published. But the authors need to address the points raised earlier.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Response to the Reviewers

Reviewer \#1:

1\. "Introduction is too long, and it seems to missing points."

Response: Sections of the introduction that are not related directly to the subject were either deleted or reduced following the suggestion of the reviewer. New information was added to Introduction and discussion (clear hypotheses, neuroimaging and anatomical findings) (according to suggestions of reviewers) in order to have a better and comprehensive approach of the subject.

2\. "Discussion section may be divided into sections."

Response: Discussion was divided into sections as suggested by the reviewer

3\. "Each results were interesting, however, it was hard to understand the connection between those results. For example, threshold level in DU was significantly lower than HC, on the one hand, identification of DU was significantly lower than EU and HC. These results can understand DU was clearly different from HC but it was not clear DB and EB. It may be discuss such detail difference in discussion with references of the past researches."

Response: Indeed, as the reviewer noticed major olfactory differences were found between unipolar and bipolar depressed subjects:

-Olfactory threshold and global identification of smells were affected only in unipolar patients and not in bipolar ones.

\- Regarding the identification of Positive (Pleasant Odors), both types of depression were affected, but only unipolar subjects would recover their deficit after remission

These olfactory differences between unipolar and bipolar subjects were discussed more clearly in the discussion section as suggested by the reviewer (page 21)

4\. "Recent neuroimaging studies showed olfactory brain activations and volume changes related to level of olfactory ability in psychiatric disorders. It needs to discuss the results obtained this study and possibility of past results of the neuroimaging studies."

Response: As suggested by the reviewer, we used past and recent references to discuss how abnormalities in neuroimaging studies can explain the olfactory deficits seen in depression (p 20)

5\. "Why there was no difference between groups for percentage of correct response of unpleasant odor and hedonic scores? But pleasant odor had."

Response: As suggested by the reviewer, our results show a significant difference between groups in olfactory identification and hedonic rating of pleasant (positive) odors only. This result is due to olfactory anhedonia for pleasant stimuli seen in depressed subjects \[Atanasova et al., 2010\]. As for unpleasant (negative) odors, the presence in our test of only 3 odors (compared to 9 positive odors), may have prevented the appearance of signifant difference between groups. A future use of olfactory tests with more unpleasant odors may show more significant differences between groups. (This clarification was added to the Discussion page 20).

Reviewer \#2:

1\. "In the introduction, the authors were able to describe their primary and secondary objectives clearly though the authors could have stated their primary and secondary hypotheses explicitly."

Response: As suggested by the reviewer, the primary and secondary hypotheses were stated clearly at the end of the introduction section (page 5).

2\. "I could not see any rationale for the number of participants, in terms of sample size calculation or power calculations."

Response: The sample size calculations were performed based on our preliminary data for olfactory identification and in order to have a number of participants for a statistical power of 0.8. allowing the detection of an effect size eta²=0.06 (i.e. d=0.5) at a significance threshold of 0.05. This information was added to the manuscript on page 8.

3\. "With regards to the clinical assessment, the authors used the following tools:

1\. The Mini International Neuropsychiatric Interview (MINI 5.0.0)

2\. Montgomery-Åsberg Depression Rating Scale (MADRS)

3\. Young Mania Rating Scale (YMRS)

4\. State-Trait Anxiety Inventory (STAI)

5\. Chapman physical and social anhedonia questionnaire

The authors did not report the validity of the use of those tests in the Lebanese culture, especially if participants are not native English speakers or if they speak English at all. The authors need to report if the versions of the 5 tools used in the clinical assessment were conducted in English or Arabic. If the authors used Arabic translations, then they need to cite the authors of the Arabic translation of those tools."

Response: In this study we used the Arabic validated versions of the MINI (Kadri et al., 2005), the STAI (Hallit et al., 2019) and the MADRS (Hallit et al., 2019). These references were added to the manuscript. As for the YMRS, we used an Arabic translation of this scale since couldn't find a validated version. However, this scale was used to rule out a manic/hypomanic episodes that were already ruled out by the MINI. As for the Chapman Anhedonia Questionnaire, we did an Arabic translation and a back translation of this questionnaire due to the absence of a validated version. The results obtained in this study were gathered for the validation of the Arabic version of this questionnaire that is still in process. This lack of validation is a limitation of our study and was added to the "Limitations" section of the manuscript.

4\. "With regards to the statistical tests used, the authors decided to use one-way analysis of variance (one-way ANOVA) with Tukey posthoc test when comparisons between groups were carried out for quantitative variables. While the use of parametric ANOVA might be suitable for parametric tests, such as age, other variables, such as educational level, total identification score and threshold scores might not conform to the normal distribution probability model. Hence, the use of Kruskal--Wallis one-way analysis of variance might be more suitable. The authors might want to use Dunn\'s post hoc tests to examine the difference in each pair of groups."

Response: The normal distribution of the data was not always validated (Kolmogorov-Smirnov test). Despite this, the parametric tests were used. Indeed, based on our sample size (n ≥ 30 per group), conditions for applying the central limit theorem was met, allowing us using one-way ANOVA even when normality may not be ensured for all samples (when central limit theorem applied, sampling distributions follow a normal distribution) (This information was added to the manuscript on page 8).

###### 

Submitted filename: Response to Reviewers .docx

###### 

Click here for additional data file.
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We would appreciate receiving your revised manuscript as soon as possible preferably within the next 30 days. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Danilo Arnone

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

It would be great if you were able to address the remaining points made by Reviewer 2.

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

Reviewer \#1: All comments have been addressed

Reviewer \#2: I am pleased to see that the authors have responded adequately to points 1 and 3.

The authors\' response to points number 2 and 4 have not, however, addressed the issues raised satisfactorily.

So, for point number 2 on the calculation of the sample size, while authors have reported "statistical power of 0.8. allowing the detection of an effect size eta2=0.06 (i.e. d=0.5) at a significance threshold of 0.05. ", they did not report the parameter they used to calculate the effect size between the different groups. Did the author use the Olfactory threshold or Olfactory identification-related-parameters to calculate the effect-size? More detailed data about the findings of the pilot need to be included.

With regards to the point number 4 concerning the statistical tests used, the authors cited Central Limit Theorem (CLT) and the sample size(n\>30) to be sufficient to use parametric tests even if the normality of the distribution of data is not assured. Saying that, CLT requires random sampling from the population of interest. The authors did not report how large was the population they sampled, and if the sampling was done randomly. Hence, without examining the normality of the distribution of the parameters, the authors need to report the details of the sample selection and if this selection was random. The other alternative is to use nonparametric statistics (distribution-free), as mentioned in the previous review.

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 1
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Reviewer \#2: I am pleased to see that the authors have responded adequately to points 1 and 3.

The authors\' response to points number 2 and 4 have not, however, addressed the issues raised satisfactorily.

So, for point number 2 on the calculation of the sample size, while authors have reported "statistical power of 0.8. allowing the detection of an effect size eta2=0.06 (i.e. d=0.5) at a significance threshold of 0.05. ", they did not report the parameter they used to calculate the effect size between the different groups. Did the author use the Olfactory threshold or Olfactory identification-related-parameters to calculate the effect-size? More detailed data about the findings of the pilot need to be included.

RESPONSE: We would like to thank the reviewer for their comments. Concerning the comment on the calculation of the sample size, we calculated the statistical power (with XLSTAT) by using means and standard deviations of a previous Olfactory identification task. We performed a pretest on 2 groups of subjects with similar demographic characteristics similar to those of the individuals participating in the main experiment (these results have been added to the supplementary data file: Table S.13). In this pretest we obtained an effect size Cohen\'s d = 0.9339 (for t-test), which is comparable of a eta² = 0.179 (for ANOVA) (Cohen , 1988).

For the experiment, we therefore estimated our sample size calculation from a more conservative effect size eta² = 0.06, which corresponds to an effect of intermediate magnitude according to Cohen (1988) and requiring to recruit more participants. Accordingly, the estimation of the sample size for an ANOVA was performed to be able to detect an effect with alpha = 0.05, a power of 0.8 and for an effect size of eta² = 0.06. Hence, the sample size necessary to obtain a power of 0.8 and an effect size of eta² = 0.06 at alpha = 0.05 is 192 participants (if we had kept the less conservative eta² = 0.179 from the pre-test with the same alpha and power, the calculation would have indicated that 60 participants may be enough)In our study, we therefore aimed to recruit more than 192 particpants, and we indeed were able to have 215 participants. However, our criteria made us that we only had 176 subjects have been included in the study.Nevertheless, this number was still much higher than 60. Moreover, with a sample size of 176 we should be able to detect an effect size of 0.065 (with alpha = 0.05 and a power of 0.8, see below), still very sensitive and a more precise effect size than eta² = 0.179.

Parameters - Data input

Nb of groups : 5

partiel Eta² : 0,065

Parameters - Results

Power 0,8

Alpha 0,05

Effect size (f) 0,26366402

Sample size 176

Power (obtained)0,799

With regards to the point number 4 concerning the statistical tests used, the authors cited Central Limit Theorem (CLT) and the sample size(n\>30) to be sufficient to use parametric tests even if the normality of the distribution of data is not assured. Saying that, CLT requires random sampling from the population of interest. The authors did not report how large was the population they sampled, and if the sampling was done randomly. Hence, without examining the normality of the distribution of the parameters, the authors need to report the details of the sample selection and if this selection was random. The other alternative is to use nonparametric statistics (distribution-free), as mentioned in the previous review.

RESPONSE: The reviewer comments on the sampling method of our population and the statistical tests used. In our study, we recruited subjects from two hospital clinical settings: all subjects who presented to inpatients and outpatients clinics with depressive symptoms were approached and then either included or excluded from this study. This method of selection was random even if it did not include a true randomization of all the subjects presenting with depressive symptoms in the general population. This method of sampling is seen in most clinical studies, where strict and true randomization is rarely feasible. Therefore, this leads to a possible selection bias that is a limitation to our study whether we use either parametric or non-parametric tests (Matthews JA, 1981; Scheff SW, 2016). This bias is acknowledged and added to the discussion of the manuscript. In our study and based on the Central Limit Theorem, we considered that the distribution of means approaches normality as sample size is \> 30 per group and that sample independence was assumed, and therefore justifying the use of parametric statistics like ANOVA (Kwak & Kim, 2017; ; Scheff SW, 2016). Parametric test like ANOVA gives more powerful results compared to non-parametric Kruskal --Wallis test Finally, our sampling method, despite its limitations, is similar to those used in most clinical studies and allows us to reach results that can only be generalized after taking in consideration the biases mentioned above. We hope that our response provides an adequate answer to the justified concerns of the reviewer regarding the sampling and statistical tests that were used.

• Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed). Hillsdale, NJ: Erlbaum Associates. DOI:10.4324/9780203771587

• Matthews, J. A. (1981). Further Non-parametric Tests for Independent Samples. In Quantitative and Statistical Approaches to Geography (p. 108‑123). DOI:10.1016/B978-0-08-024295-8.50017-4

• Scheff, S. W. (2016). Fundamental Statistical Principles for the Neurobiologist : A Survival Guide (1 edition). Academic Press. DOI:10.1016/C2015-0-02471-6

• Kwak, S. G., & Kim, J. H. (2017). Central limit theorem : The cornerstone of modern statistics. Korean Journal of Anesthesiology, 70(2), 144‑156. <https://doi.org/10.4097/kjae.2017.70.2.144>
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Dear Dr. KAZOUR,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please submit your revised manuscript by Aug 30 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

Danilo Arnone

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Please, review punctuation thorughot the manuscript. Many thanks.

\[Note: HTML markup is below. Please do not edit.\]

**Comments to the Author**

Reviewer \#2: The authors have addressed the two commends raised in the last review. However, table 1 and 3 need reformatting to fit the page.

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0237565.r006
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Dear Editor,

Dear Reviewer,

On behalf of the authors, I would like to thank you for your patience and for the constructive comments you brought to our manuscript.

As requested, the following modifications were made:

Additional Editor Comments (if provided): Please, review punctuation throughout the manuscript. Many thanks.

• Punctuation was reviewed and necessary corrections were made throughout the manuscript

Reviewer \#2: The authors have addressed the two commends raised in the last review. However, table 1 and 3 need reformatting to fit the page.

• Tables 1 and 3 were reformatted as requested to fit the page

###### 

Submitted filename: REPONSES AU REVIEWER_24_7\_20.docx

###### 

Click here for additional data file.
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PONE-D-19-27567R3

Dear Dr. KAZOUR,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Danilo Arnone

Academic Editor

PLOS ONE
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PONE-D-19-27567R3

Olfactory markers for depression: Differences between bipolar and unipolar patients

Dear Dr. Kazour:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Danilo Arnone

Academic Editor

PLOS ONE
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